We report on a quantum dot micropillar-based single-photon source demonstrating tunable emission energy via an applied electric eld and driven by an on-chip, whispering-gallery-mode microlaser. The cavity-enhanced single-photon source is monolithically integrated with an electrically driven, coherent excitation source. The device concept features low laser-threshold currents of a few tens of µA, has a small footprint with a device area of ∼ 200 µm 2 and demonstrates high single-photon purity with g (2) (0) as low as 0.07 ± 0.03 under pulsed electrical excitation of the microlaser. The electric eld applied along the growth direction of the single-photon emitter allows the emission to be tuned by up to 1.1 meV via the quantum-conned Stark eect, bringing it into resonance with the fundamental mode of the surrounding micropillar resonator for enhanced emission via the Purcell eect. In particular, the GaAs platform has proven to be appropriate in many ways for photonic integration. 10 Furthermore, the requirement of indistinguishability necessary for quantum technologies relying on single-photon interference and entanglement distribution will best be met with resonant excitation schemes. 1113 In the interest of compactness and scalability, electrical carrier injection would be highly attractive -avoiding bulky external laser sources. However, simple electrically driven sources based on a pin-diode design do not allow for resonant excitation and suer from charge noise introduced by excess carriers, both of which limit the indistinguishability of the emitted photons.
of separate photonic elements which rely on a constant refractive index, such as waveguides; strain tuning has made great progress in recent years 15, 17 but requires either complicated processing steps or large piezo-actuators which again limit scalability. It seems the most desirable tuning mechanism would be able to tune the emitters with minimal fabrication complexity and in a localized way that does not interfere with other integrated elements.
QCSE via an applied electric eld is an ideal mechanism for this, showing large tuning ranges and tuning areas limited by the contact size.
1822
Monolithic integration of QDs with coherent, electrically controlled whispering-gallerymode (WGM) lasers has recently been pursued. 23 This work represents a major advancement in this direction by bringing multiple aspects of desirable functionality, including integration and electrical control, together on a single chip as well as very pure single-photon emission.
Methods
The monolithically integrated microlaser and electrically tunable SPS consist of pin-doped QD-based micropillars grown by molecular beam epitaxy on an n-doped GaAs substrate. A single layer of InGaAs quantum dots (areal density 3×10 9 cm −2 ) embedded within a λ-cavity form the active material for WGM lasing in the larger of the two micropillars, henceforth referred to as the microlaser. The same QD layer provides the single-photon emitters in the smaller of the two micropillars, henceforth referred to as the SPS-micropillar; for fabrication details see Ref. 23 The fundamental pillar mode is spectrally detuned from the QD ensemble to the red side of its maximum by ∼ 50 meV, which results in a spectral density of about one excitonic line per meV in the spectral vicinity of the cavity mode facilitating single QD studies. The device characterized here has an optimized number of distributed-Bragg reector (DBR) pairs of 13 above and 26 below the cavity for the best compromise between brightness and Purcell enhancement in the SPS. 24 The microlaser and SPS-micropillar are planarized in the transparent polymer benzocyclobutene (BCB) to support the upper p-contacts for electrical control. The micropillars share the same n-contact on the back side, but have isolated p-contacts allowing for the individual control of the current injected into the microlaser or the bias-voltage applied to the SPS-micropillar. The optical excitation power incident on the SPS-micropillar can be controlled via the continuous injection current or
voltage pulse height applied to the microlaser. Monolithic integration allows for nanometer precision in the distance between the microlaser and the SPS-micropillar (15 µm), resulting in controlled and stable coupling of the structures. The p-contact on the SPS-micropillar has an aperture for the vertical emission of single-photons in the DBR mode perpendicular to the emission plane of the WGM microlaser. The ring aperture provides lateral current injection and has no observable eect on the single-photon outcoupling eciency for this pillar diameter. The total device area including pads for bond wires is ∼ 200 µm 2 .
We investigated two devices each consisting of a microlaser and SPS-micropillar pair, determined with a linear t to the integrated intensity (grey line) and is found to be 76 µA.
A spectrum of the SPS-micropillar as it is driven by the microlaser under strong excitation is shown in Fig. 1(d) . Here we see the fundamental pillar mode (FPM) at 1.376 eV and a bright excitonic transition (X) slightly detuned to the blue side of the FPM. Here there is no external bias applied to the target SPS-micropillar. The FPM is spectrally detuned from the laser mode by ∼ 80 meV, and the laser provides wetting-layer excitation to X.
We now turn our attention to the electro-optical tuning of an exciton X from the SPSmicropillar in device A, performed with a varying bias-voltage applied at the aperture contact, and compare this to the case of temperature tuning of the same X over the same energy range. Fig. 2(a) shows an intensity plot of X driven by the microlaser as the bias-voltage on the SPS-micropillar is varied from 0.5 − 1.3 V. The temperature is held constant at 33 K and the microlaser is driven with a constant current of 90 µA. X is tuned over an absolute energy range of 1.1 meV by the QCSE. The increasing bias-voltage blue-shifts the discrete energy T e m p e r a t u r e ( K )
E n e r g y ( e V ) levels of the QD but leaves the energy of the FPM unchanged, 20 and X is electro-optically tuned into resonance with the FPM at a bias of 1.1 V. Purcell enhancement as well as a gradual increase in intensity due to attening of the built-in potential, which reduces tunneling of the charge carriers out of the QD, can both be seen. 20 The intensity of X abruptly quenches at ∼ 1.25 V, most likely due to a nearby trap becoming resonant with X providing a faster, non-radiative recombination channel. For comparison, Fig. 2(b) shows X at a constant bias of 1.1 V being temperature-tuned through resonance with the FPM under the same excitation conditions and over the same absolute energy range of 1.1 meV. The relative detuning between X and the FPM emission energy ∆ = E FPM − E X is shown in the top axes of the intensity plots for both methods of tuning, and a crucial dierence can be seen: the maximum relative detuning ∆ for the electro-optical case is 820 µeV. In contrast, by temperature tuning X over the same 1.1 meV absolute energy range corresponding to a temperature increase of 10 K, the relative detuning between X and the FPM is 320 µeV. This is because heating simultaneously red-shifts X and the FPM, making the relative tunability between the two much smaller than in the case of electro-optical tuning. This becomes important when one considers that the FWHM of the FPM is a factor ∼ 10 greater than that of X, meaning a larger tunability is useful if Purcell-enhanced emission is to be achieved. In addition to the points raised in the introduction about scalability, this is another advantage of an applied electric eld as a tuning mechanism.
The electro-optically tuned SPS-micropillar emission properties of device A are examined in closer detail in Fig. 3 . Two spectra showing X in and out of resonance with the FPM are shown in Fig. 3(a) . The detuning between X and the FPM is out of the range shown in the color plot of Fig. 2(b) , but the excitation conditions and bias are the same.
The microlaser is operated at 90 µA in both cases and the resonance temperature is 33 K.
The FWHM of X in resonance is 140 µeV, which is much larger than typical linewidths for InGaAs QDs. 25 This is because the ne-structure splitting between horizontal and vertical polarization channels for X was found to be 40 µeV (not shown) and as the setup resolution deconv (0) = 0.39 ± 0.14. (d) Timeresolved measurements show the microlaser pulses (grey lled curves) have an FWHM of ∼ 780 ps and drive the exciton X (red curve) which has a decay time of (0, 49 ± 0.04) ns.
is 100 µeV, the individual transitions themselves are resolution-limited. The emission of X is enhanced by the Purcell eect when the FPM and X spectrally overlap. The integrated intensity of X over a temperature range of 18 K was tted in Fig. 3(b) using the t function in Ref. 26 From this t, a Purcell factor F P = 2.2±0.4 is extracted. To verify the non-classical nature of the cavity-resonant emission of X under constant microlaser excitation, the light was analyzed with the HBT-setup as shown in Fig. 3(c) . The characteristic dip at zerodelay in the autocorrelation function which falls below 0.5 is proof that X is a single-photon emitter driven by an integrated microlaser, with a raw tted value of g (2) (0) = 0.41 ± 0.14.
A deconvolution of the signal accounting for the nite time-resolution of the SPCMs yields
deconv (0) = 0.39±0.14. Here, the non-ideal QD-lifetime is explained by the illumination of the cavity mode by non-resonant spectator QDs and the associated uncorrelated background emission. The time-resolved measurement of the lifetime of X in resonance with the FPM under pulsed microlaser excitation at 190 MHz is shown in Fig. 3(d) . The lifetime extracted from an exponential t was found to be (486 ± 42) ps, which is about a factor 2.5 smaller than the typical value of 1.2 ns for these quantum dots in the absence of the upper DBR.
This agrees well with the tted Purcell factor (F P = 2.2 ± 0.4) of Fig. 3(b) . This decay time is however clearly shorter than that suggested by the width of the anti-bunching dip in the continuous measurement of g (2) (τ ) shown in g. 3(c), which indicates that the width of the dip in g. 3(c) is limited by slow lling processes of the QD at a timescale longer than the QD lifetime. The laser pulses themselves, represented by the lled grey curves coinciding with X, have an FWHM of 780 ps and a decay time of 343 ps. This is promising with respect to on-demand resonant excitation of these QDs, as the laser pulse decays faster than the QD. Furthermore, Fabry-Pérot spectrometer measurements (not shown) reveal FWHMs < 2 µeV typical for these microlasers at currents of ∼ 100 µA, which is on the same order of magnitude as the homogeneous linewidth, and an order of magnitude smaller than the inhomogeneously-broadened linewidth (due to spectral diusion) of the single-QD excitonic transitions. ( 2 ) [ τ] τ ( n s )
